Recent studies have identified adaptations of intracellular signaling pathways and target genes that could contribute or modulate the action of antidepressant drugs, as well as exercise-mediated antidepressant responses. Understanding these adaptations, particularly those changes that are common to diverse antidepressant treatments, is important for the development of more potent and specific treatments of depression. There is growing evidence that growth factors may be important mediators of antidepressant responses. Now, VGF (not an acronym), a neuropeptide that has previously been shown to be involved in maintaining organismal energy balance, as well as in mediating hippocampal synaptic plasticity, may be involved in mediating antidepressant responses. These studies use in vivo approaches to link VGF to the antidepressant-like behavioral effects produced by antidepressant drugs and exercise.
treatment and clinical efficacy suggests that long-term alterations in brain function mediate the therapeutic benefit of these treatments (8, 9) . Understanding these adaptations, particularly those changes that are common to diverse antidepressant treatment, is important for the development of more potent and specific treatments of depression.
Signaling Pathways Implicated in Antidepressant Responses
Recent studies have identified intracellular signaling proteins and target genes that could contribute to or modulate antidepressant action, as well as exercise-mediated antidepressant responses (9) . To this end, converging lines of evidence have implicated neurotrophic factors, most notably brain-derived neurotrophic factor (BDNF), as a putative mediator of antidepressant responses, along with the MEK-ERK (mitogen-activated protein kinase kinase and its target extraceullular signal-regulated protein kinase) signaling pathway (10) (11) (12) (13) . Several studies have also suggested the involvement of other growth factors, such as IGF-1 (insulin-like growth factor-1), VEGF (vascular endothelial growth factor), and FGF2 (fibroblast growth factor 2), as important mediators of antidepressant responses (14) . The potential involvement of multiple different growth factors in mediating antidepressant responses suggests that these factors, through their trophic actions and activation of signaling pathways, may be correcting cellular alteration produced in the disease state.
It is intriguing that some of the growth factors, such as BDNF and IGF-1, share common and overlapping features with exercise-mediated effects on signal transduction pathways ( Fig. 1 ) (15, 16) . This suggests that certain signaling pathways common to these neurotrophins or exercise may provide novel targets for the development of more potent and specific treatments of depression. Two studies suggest that VGF (not an acronym), a neuropeptide, which is encoded by a gene that is responsive to BDNF and exercise, may be an important mediator of antidepressant responses (17, 18) .
Discovery of VGF as a Mediator of Antidepressant Responses
A putative role for VGF in mediating antidepressant actions was independently discovered by both research groups through expression profiling in microarray studies. Hunsberger et al. (17) examined changes in gene expression in hippocampal samples of rats after exercise, whereas Thakker-Varia et al. (18) focused on common alterations in gene expression in hippocampal neuronal cultures following treatment with BDNF or 5-HT (5-hydroxytryptamine, also known as serotonin). Although one group was identifying downstream targets of exercise, and the other was focused on gene expression changes that were common following elevation of two putative mediators of antidepressant efficacy, the identification of VGF by both suggests a point of convergence between exercise and antidepressant signaling. Note that VGF is widely expressed in neurons in the brain and is involved in maintaining organismal energy balance, as well as in mediating hippocampal synaptic activity (19) (20) (21) .
There is evidence that VGF is both an upstream regulator and a downstream target of the MEK-ERK signaling pathway. Hunsberger et al. found that either exercise or VGF stimulation of cells increases the expression of several genes, such as those encoding Egr2, Grb2, and Syn-1, which are part of the growth factor-stimulated MEK-ERK signaling pathway. Expression of these genes is stimulated both in vitro in PC 12 cells treated with VGF and in vivo in hippocampus after exercise. Therefore, Hunsberger et al. hypothesize that the MEK-ERK signaling cascade may be the common signaling pathway activated by both VGF and exercise. In contrast, Thakker-Varia's discovery of the gene encoding VGF as a target of BDNF and, further, their finding that the antidepressant imipramine increases VGF protein in vivo suggest the involvement of the phosphatidylinositol 3-kinase (PI3K)-Akt pathway, the MEK-ERK pathway, or both.
VGF as a Mediator of Antidepressant Responses
To investigate whether VGF has antidepressant-like effects in vivo, both groups examined the behavioral effect of this neuropeptide in rodent models of depression. Local infusions of VGF into the midbrain or the hippocampus produced antidepressant effects in the learned helplessness paradigm, the tail suspension test, and forced swim test, which are three animal models of depression-like behavior that are used to measure antidepressant action (17, 18) . In these paradigms, a rodent is exposed to an inescapable stress and its ability to attempt to escape is determined. VGF infusions into the brain altered the behavior of the animals similar to effects observed following exercise or administration of antidepressants.
To further explore the link between exercise and VGF, Hunsberger et al. examined heterozygous VGF +/− mice in the forced swim test. The VGF +/− mice displayed alterations in behavior that are suggestive of an increase in depression-like behavior. The VGF +/− mice and wild-type littermate controls were then subjected to an exercise paradigm. In the wild-type control animals, exercise increased VGF in the hippocampus, and these animals demonstrated an antidepressant-like response in the forced swim test. The heterozygous mice also demonstrated an increase in VGF after exercise, although this did not reach the level seen in the wild-type mice. Despite the increase in VGF in the heterozygous mice, there was no behavioral improvement in the forced swim test. Collectively, these results suggest that an exercise-induced increase in VGF per se is not sufficient to produce antidepressant-like effects but rather an intact VGF system may be necessary, or there may be a minimum threshold of VGF that is required, to mediate the exercise-induced antidepressant effect.
To elucidate the mechanism by which VGF may be mediating antidepressant-like effects, Thakker-Varia et al. investigated VGF effects on hippocampal cell proliferation and neurogenesis. Previous work suggested that clinically effective antidepressants increase hippocampal neurogenesis by increasing the number of newly born cells in the dentate gyrus, the majority of which mature into neurons (22) . Multiple classes of antidepressant compounds, as well as nonpharmacological antidepressant therapies, such as electroconvulsive shock and exercise, increase neurogenesis, and it is thought that increasing neurogenesis may be a common mechanism of action by which antidepressant produce their therapeutic effects (11, 22) . Hippocampal neurogenesis is increased after long-term but not short-term treatment with chemical antidepressants. Thakker-Varia et al. found that, in agreement with the antidepressant-like behavioral effects of VGF, this neuropeptide increases hippocampal neurogenesis, both in vivo and in vitro. Although the link between depression and neurogenesis is still an active area of investigation, the VGF-induced increase in cell proliferation may be one way that it produces the antidepressant effects. It is interesting to note that the effects of VGF on hippocampal neurogenesis were primarily on cellular differentiation, whereas the effects of BDNF, which regulates expression of the gene encoding VGF, have been suggested to be due to changes in cellular survival rather then differentiation (23) .
Although these studies provide evidence that the gene encoding VGF may be an important target of exercise, as well as 5-HT and BDNF, both putative mediators of antidepressant actions, the actual link with chemical antidepressants is somewhat unclear. In one study, chronic imipramine, a tricyclic antidepressant, was shown to increase expression of the gene VGF in the hippocampus (18) . In contrast, in the other study, expression of the gene encoding VGF was unaltered following administration of different chemical classes of antidepressants, including selective serotonin and norepinephrine reuptake inhibitors (17) . Collectively, these data suggest that although some chemical antidepressants may stimulate expression of the VGF gene, it is not a common mechanism of action for chemical antidepressants in general. Thus, there may be additional ways that antidepressants can influence VGF signaling besides stimulation of the gene.
The studies by Hunsberger et al. and Thakker-Varia et al. suggest that VGF may be an important regulator of antidepressant responses. However, one caveat to these studies is the time course of drug administration used in these behavioral models compared to the time necessary to achieve clinical effects of these drugs in patients (24) . As stated above, the therapeutic effects of compounds require long-term (3 to 6 weeks) treatment before clinical efficacy is seen, which is thought to be related to the time needed for stimulation of gene targets and subsequent changes in synaptic activity. However, the majority of preclinical depression tests, as well as the tests used in these studies, measure a single behavioral end point after 1 or 2 days of drug administration. Although these preclinical behavioral tests have been validated as "predictive" models of antidepressant action, these tests have limitations as true models for depression or antidepressant action. Therefore, it will be important in future studies to delineate the role of VGF in mediating antidepressant responses in behavioral models that are sensitive to the long-term effects of antidepressant action. It will also be important to delineate the pathway by which VGF is mediating its effect on antidepressant responses. In particular, because VGF is a downstream target of BDNF, why is the gene encoding VGF not regulated by the chemical antidepressants that stimulate BDNF activity?
It is clear from this discussion that a better understanding of the common signaling pathways in the brain that underlie mood disorders and mediate the responses to diverse antidepressant treatments are important areas for research into depression. These advances will hopefully result in the development of more rapid and effective treatments for depression. Converging pathways underlie the actions of antidepressants and exercise. Multiple classes of antidepressant compounds stimulate the expression of the gene encoding BDNF, which activates the receptor TrkB, which is coupled to the MEK-ERK pathway and the PI3 kinase pathway. Antidepressants have also been shown to increase expression of the gene encoding IGF, which signals primarily though the IGF-1 receptor (IGF-1 R), and activates both the MEK-ERK pathway and PI3K pathway. Exercise also activates the MEK-ERK and PI3K pathways and increases the expression of the genes encoding BDNF and IGF-1. The hypothesized pathway of VGF is shown in gray arrows. Exercise stimulates expression of the gene encoding VGF, and both exercise and VGF result in increased expression of the genes encoding Grb2 and synapsin-1 (Syn-1), as well as (putatively) the MEK-ERK pathway. Akt and Raf, serine-
